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ABSTRACT Choleracontinuestobeanimportantcauseofhumaninfections,andoutbreaksareoftenobservedafternaturaldi-
sasters,suchastheonefollowingthe2010earthquakeinHaiti.Oncethecholeraoutbreakwasconﬁrmed,rumorsspreadthat
thediseasewasbroughttoHaitibyabattalionofNepalesesoldiersservingasUnitedNationspeacekeepers.Thispossiblecon-
nectionhasneverbeenconﬁrmed.Weusedwhole-genomesequencetyping(WGST),pulsed-ﬁeldgelelectrophoresis(PFGE),
and antimicrobial susceptibility testing to characterize 24 recent Vibrio cholerae isolates from Nepal and evaluate the suggested
epidemiologicallinkwiththeHaitianoutbreak.Theisolateswereobtainedfrom30Julyto1November2010fromﬁvedifferent
districts in Nepal. We compared the 24 genomes to 10 previously sequenced V. cholerae isolates, including 3 from the Haitian
outbreak(beganJuly2010).AntimicrobialsusceptibilityandPFGEpatternswereconsistentwithanepidemiologicallinkbe-
tween the isolates from Nepal and Haiti. WGST showed that all 24 V. cholerae isolates from Nepal belonged to a single mono-
phyleticgroupthatalsocontainedisolatesfromBangladeshandHaiti.TheNepaleseisolatesweredividedintofourcloselyre-
latedclusters.OneclustercontainedthreeNepaleseisolatesandthreeHaitianisolatesthatwerealmostidentical,withonly1-or
2-bpdifferences.ResultsinthisstudyareconsistentwithNepalastheoriginoftheHaitianoutbreak.Thishighlightshowrap-
idlyinfectiousdiseasesmightbetransmittedgloballythroughinternationaltravelandhowpublichealthofﬁcialsneedadvanced
moleculartoolsalongwithstandardepidemiologicalanalysestoquicklydeterminethesourcesofoutbreaks.
IMPORTANCE Choleraisoneoftheancientclassicaldiseasesandparticularlypronetocausemajoroutbreaksfollowingmajor
naturaldisasters,suchasearthquakesandhurricanes,wherethenormalseparationbetweensewageanddrinkingwaterisde-
stroyed.Thiswasthecasefollowingthe2010earthquakeinHaiti.RumorsspreadthatthediseasewasbroughttoHaitibyabat-
talionofNepalesesoldiersservingasUnitedNationspeacekeepers.Thispossibleconnectionhasneverbeenconﬁrmed.Sequenc-
ingthegenomesofbacteriacangivedetailedinformationonwhetherisolatesfromdifferentsitesshareacommonorigin.We
used this technology to sequence isolates of Vibrio cholerae from Nepal, identify single-nucleotide polymorphisms (SNPs), and
comparethesehigh-resolutiongenotypestothecompletegenomesequencesofisolatesfromtheHaitioutbreak.Weprovide
supportforthehypothesisthattheisolateswerebroughttoHaitifromNepal.
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C
holera is caused by the Gram-negative bacterium Vibrio chol-
erae, and the disease is usually transmitted through contami-
nated water (1). V. cholerae is normally present in coastal and
brackishwatersworldwideandhasbeenfoundincountrieswhere
the disease is not found in humans. The bacterium can also be
transmitted globally in the intestines of asymptomatic carriers.
Thus,itisdifﬁculttodeterminetheoriginofoutbreaksassociated
with disaster situations where the normal water supply and hy-
giene measures are disrupted.
More than 200 serogroups of V. cholerae have been identiﬁed,
but isolates belonging to serogroup O1 of the “classical” or El Tor
biotypehavebeenthemostimportanthumanpathogeninthelast
century. Seven different cholera pandemics are believed to have
occurredsince1817.Thecausativeagentsoftheﬁrstﬁvepandem-
ics were not cultured, but the sixth pandemic (1899 to 1923) was
causedbytheclassicalbiotype.ElTorstrainswereassociatedwith
sporadic cases during the sixth pandemic (2), but in 1961, this
biotype was responsible for the seventh pandemic. El Tor and a
number of variants have been implicated in numerous outbreaks
worldwide and have become prevalent in some countries with
limited access to clean water.
On12January2010,a7.0MWearthquakehitHaiti.By24Jan-
uary, at least 52 aftershocks had been reported, and an estimated
316,000peoplehaddied,300,000wereinjuredandmorethanone
million were homeless. This disaster destroyed the already fragile
infrastructureandrequiredinternationalassistanceintheformof
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public health authorities conﬁrmed a cholera outbreak. By 7 July
2011, 386,429 cases, including 5,885 deaths have been reported
(3). The outbreak has also spread to the neighboring Dominican
Republic and to Florida and the United States (4) where sporadic
cases have been observed. In the early days of the outbreak, ru-
morsspreadthatthediseasewasbroughttoHaitibyabattalionof
NepalesesoldiersservingasUnitedNationspeacekeepers(2,5–8).
Though not proven deﬁnitively, the putative link to United Na-
tionspeacekeepersfromNepalgainedglobalmediaattentionand
sparked riots in Haiti that disrupted relief efforts.
Conventional and molecular characterization of bacterial iso-
lates is useful in determining the relationship between strains and
can assist in identifying the sources. Traditionally, V. cholerae
strains are classiﬁed into serogroups based on their outer mem-
brane O antigen and further subdivided into biotypes based on
biochemical testing; however, most outbreaks during the seventh
pandemichavebeencausedbythesameserogroupandbiotype,El
Tor, limiting the utility of these analyses for outbreak investiga-
tions. Molecular typing using pulsed-ﬁeld gel electrophoresis
(PFGE) is commonly used to characterize strains but does not
alwaysprovidesufﬁcientdiscriminatorypower.Single-nucleotide
polymorphisms (SNPs) and insertions/deletions have been used
to further resolve global transmission of El Tor (9, 10). Whole-
genome sequence typing (WGST) is a powerful tool providing an
almostcompletepictureofgeneticpolymorphismsforevolution-
ary and epidemiological investigations (11–14).
A PFGE-based study by the U.S. Centers for Disease Control
and Prevention indicated that the Haitian outbreak strain was
relatedtocontemporarystrainscirculatinginSouthAsiaandelse-
where (4). Another study using whole-genome sequencing has
similarly shown that the Haitian outbreak strain is more closely
related to recent strains from Bangladesh and Mozambique than
to a strain from Peru (15); however, the Peruvian strain used in
that study was more than 20 years old, which weakens their con-
clusions.Sofar,noneofthepublishedstudieshasincludedrecent
Nepalese V. cholerae isolates to evaluate their relatedness to the
Haitian outbreak strain.
Cholera occurs in sporadic cases and outbreaks in Nepal each
year. In 2010, a 1,400-case outbreak occurred in midwestern Ne-
pal (http://www.irinnews.org/Report.aspx?ReportID90231).
The outbreak started around 28 July and was controlled by 13 or
14 August, just prior to the time the Nepalese soldiers left for
Haiti.OntherequestbythepublichealthauthoritiesinNepaland
in our function as a World Health Organization Collaborating
Centre, we conducted the current study to determine the genetic
diversityofthemostcontemporaryV.choleraestrainsfromNepal.
We then compared these data to the publicly available whole-
genomesequencesofisolatesfromtherecentoutbreakinHaiti,as
well as those of other available strains.
RESULTS
All Nepalese isolates were susceptible to tetracycline but resistant
to trimethoprim, sulfamethoxazole, and nalidixic acid and
showeddecreasedsusceptibilitytociproﬂoxacin.Thissusceptibil-
ity proﬁle is consistent with that of isolates causing the Haitian
outbreak(4).PFGEshowedthattheNepaleseisolatesbelongedto
fourclustersofindistinguishablepatterns,including2,4,4,and14
isolates.OneclustercontainingfourNepaleseisolates(isolates12,
14, 25, and 26) was identical to a minor variant of the main pul-
sotype from Haiti, whereas another cluster of four Nepalese iso-
lates (isolates 6, 15, 18, and 19) was indistinguishable from the
most common pulsotype observed in Haiti, as determined by the
U.S.CentersforDiseaseControlandPrevention.WhilethePFGE
resultsshowthegreatsimilarityoftheHaitiantoNepaleseisolates,
theﬁne-scaleafﬁnitiesarediscordantwithWGST,perhapsdueto
convergent evolution by pulsotype of isolate 12.
WGSTandphylogeneticanalysisshowedthatall24V.cholerae
isolates from Nepal belong to a single well-supported monophy-
letic group that also contains isolates from Bangladesh and Haiti
(Fig. 1). A single maximum parsimony tree was reconstructed
using 752 SNPs from 34 whole-genome sequences. There were
184 parsimony-informative SNPs, of which 6 were homoplastic,
resultinginaCIof0.97(excludinguninformativecharacters).The
Nepalese isolates are subdivided into four closely related clusters,
all within group V as deﬁned by Lam et al. (16). One of the four
Nepalesegenotypicgroups(Nepal-1),containing17outofthe24
isolates,isgeneticallydistinctandhighlyhomogeneous.Thereare
34 or 35 synapomorphic SNPs supporting its unique identity. (A
synapomorphic SNP is a genome position that has mutated such
that the new nucleotide is shared with all descendants.) The sec-
ond group contains three Nepalese clusters along with a basal
Bangladesh isolate (CIRS101 2002) and three Haitian isolates in a
derived position. The three Nepalese isolates, isolates 14, 25, and
26inclusterNepal-4,andthethreeHaitianisolates,isolates1786,
1792, and 1798, are extremely close and form their own mono-
phyletic subclade supported by 7 synapomorphic SNPs, with no
homoplasy. The lack of homoplasy is strong evidence of clonality
in this population. Only a single synapomorphic SNP separates
the Haitian isolates from isolates in cluster Nepal-4, although
there are two autapomorphic SNPs within this cluster. (An auta-
pomorphic SNP is a genome position that has mutated but is
found only in a single descendant.)
Direct comparison between the three Haiti outbreak strains
(strains 1786, 1792, and 1798) and the three most closely related
strains from cluster Nepal-4 (strains 14, 25, and 26) showed that
the 1- or 2-bp differences are nonsynonymous and give rise to
amino acid differences (Table 1). The basal position of CIRS101
suggests a possible source for some of the Nepalese strains (clus-
ters Nepal 2-3-4); its phylogenetic position among the clades ar-
gues for more than one infective focus for the Nepalese outbreak.
The SNPs deﬁning the Nepal-2,3,4 and Haitian cluster (branches
A through K) appear to be under diversifying selection, as the
nonsynonymous SNP (nSNP)/synonymous SNP (sSNP) ratio is
6.33, while the ratio for the entire data set is 1.08 (see Table S1 in
thesupplementalmaterial).OfthesixSNPsdisplayinghomoplasy
inFig.1,ﬁvewerenSNPsforaratioof5.0forthissubset.Selective
pressure (differentials, purifying, directional, etc.) in V. cholerae
populations and in this outbreak deserves greater investigation.
DISCUSSION
Phylogenetic patterns indicate a close relationship between Haitian
and Nepalese epidemic V. cholerae strains. Even with whole-genome
sequencing, less than 100 SNPs were identiﬁed among these geo-
graphically disparate isolates; however, the few molecular characters
thatwereavailablegeneratedarobustandhighlyconsistentphyloge-
netictopologywithdistinctsubcladestructure.Theapparentlyiden-
tical Haitian genomes conﬁrm the earlier ﬁndings that the Haitian
outbreakoriginatedfromasinglesource(17).Moreimportantly,one
group that was well supported and had low diversity contained both
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® mbio.asm.org July/August 2011 Volume 2 Issue 4 e00157-11FIG 1 Genetic relationships among V. cholerae isolates from Nepal and Haiti. A single maximum parsimony tree was reconstructed using 752 SNPs from 34
whole-genome sequences. There were 184 parsimony-informative SNPs, of which 6 were homoplastic, resulting in a CI of 0.97 (excluding uninformative
characters). The branch lengths are labeled in red, and for branches affected by homoplasy, minimum and maximum branch lengths are designated. Members
of SNP genotypic group V (16) are indicated. SNP differences among the three most closely related Nepali groups and the Haitian group are shown and
characterized in Table S1 in the supplemental material.
TABLE 1 Different point mutations observed among the three sequenced isolates from the Haiti outbreak and the three most closely related isolates
from Nepala
Chromosome Position
Nucleotide or amino acid in:
Reference strain
Haitian isolate Nepalese isolate
1786 1792 1798 14 25 26
I 2787016 C CCCT T T
Gly Gly Gly Gly Arg Arg Arg
I 1090536 T TTTTTG
Ile Ile Ile Ile Ile Ile Ser
II 962762 C CCCT CC
Ala Ala Ala Ala Ala Ala Ala
a The reference strain is Vibrio cholerae O1 biovar El Tor strain N16961 (Bangladesh 1971). The NCBI reference sequences or accession numbers are NC_002505 for chromosome I
and NC_002506 for chromosome II.
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clades were also Nepalese and more closely related to the Haitian
outbreak strain than the Bangladeshi CIRS101 strain. Only a single
SNP separates the Haitian and Nepalese isolates, providing strong
evidencethatthesourceoftheHaitianepidemicwasfromthisclonal
group. This molecular phylogeny reinforces the previous epidemio-
logical investigation (2) that pointed towards United Nations peace-
keepers from Nepal as the source of the Haitian cholera epidemic.
Given the implications of the epidemiological ﬁndings, it is impera-
tive to use empirical laboratory data to support such ﬁndings. By
using WGST to compare the entire genomes of available V. cholerae
sequences, including the 24 added Nepalese strains, deﬁnitive basal/
derivedrelationshipshavebeenestablishedbetweenandamongthese
strains.
This study also showed that multiple clonal subclades were
involved in the 2010 Nepalese outbreak, thus indicating that
V.choleraeisprevalentinNepal.Therefore,thereisageneralneed
for improved water hygiene and investment to reduce the occur-
rence of V. cholerae in Nepal.
Complete genomic analysis of pathogen populations is now a
reality and is dramatically changing our approach to molecular
epidemiology. With the cost and speed of new generation DNA
sequencersimprovingexponentially,previouslyintractableprob-
lems can be resolved rapidly with modest expense. Outbreak
pathogens will, almost by deﬁnition, have very little molecular
diversityandmayrequirecomprehensivegenomicanalysistodif-
ferentiate and categorize isolates. In combination with evolution-
arytheoryandadvancedstatisticalmethods,WGSTrepresentsthe
most powerful molecular approach imaginable and is setting a
new standard for infectious disease epidemiology. While other
descriptive and association-based epidemiological analyses (e.g.,
case control studies, geospatial analyses), along with limited-
resolutionmoleculartools(e.g.,PFGE),mayleaveroomforinter-
pretation on genetic linkage, WGST, as an empirical molecular
epidemiological tool, does not (11, 13).
Infectious disease tracking requires global-scale information and
cooperation. The current study was reliant upon genome analyses
performedpreviouslyfromotherinternationalstudies.Futureinves-
tigationswillrequirehigh-qualitygenomedatabasesthatincluderep-
resentative isolates and metadata from geographically distributed
samples, representing both historical and contemporary epidemics.
Such databases will provide the contextual framework necessary to
make deﬁnitive conclusions regarding infective sources and action
plans for controlling epidemics. While we have precisely deﬁned the
Nepal-4 V. cholerae clade and the Haitian membership in it, its geo-
graphic distribution needs continued work. It is possible that this
genetic group will be discovered in countries other than Nepal and
Haiti. Attribution of outbreak sources based upon WGST alone re-
quirescomprehensivegeographicstraincollections.Thecurrentcon-
clusionthatNepalisthesourceoftheHaitiancholeraoutbreakcanbe
reached only if both classical epidemiology and highly suggestive
WGST are used together. Globally representative WGST databases
willbeavailableinthenearfutureandincreaseourpowertoidentify
outbreak sources. It is now the charge of the world’s national health
agencies and disease researchers to populate these databases with
bothsequencesandrichmetadata.Further,itmustalsobetheirmis-
sion to develop robust genomics and bioinformatics capabilities to
rapidlygenerateandreceivegenomics-baseddatathatcanbeturned
into actionable public health knowledge.
Naturaldisasterssuchasthe2010Haitianearthquakedisruptwa-
terandsanitationsystems,addingtothevulnerabilityofaffectedpop-
ulations. The United Nations, regional governments, and nongov-
ernmental organizations respond rapidly to such disasters to bring
aid and reduce suffering. The putative link between the Haitian and
Nepalesecholeraoutbreaksunderscoresthespeedatwhichinfectious
diseasescanbetransportedgloballyandforcesustoreconsiderrelief
deployment strategies. In the current study, we used advanced mo-
leculartechniquestoretrospectivelycharacterizeisolatesfromadev-
astating outbreak; in the future, we hope that rapid molecular diag-
nostics can be integrated into rapid screening programs for relief
workerssotheireffortswillneitherbedelayedbyineffectivediagnos-
tics nor tainted by infectious diseases.
MATERIALS AND METHODS
Isolates. A total of 45 V. cholerae isolates were identiﬁed at the National
Public Health Laboratory (NPHL), Kathmandu, Nepal, from Nepalese
patientswithdiarrheain2010.Ofthese,24wereavailableforanalysis.The
isolates were obtained from 30 July to 1 November 2010 and originated
from ﬁve different districts in Nepal (Fig. 2; Table 2). All isolates with the
exceptionofonefromKathmandu,Nepal,wereobtainedduringtherainy
season (June to August). Fifteen isolates, including the ﬁrst laboratory
conﬁrmed case, were from a large outbreak in the municipality of Nepal-
gunj in Nepal that occurred in late July to mid-August. All isolates were
identiﬁed as V. cholerae and serotyped at the NPHL. The isolates were
shippedtotheTechnicalUniversityofDenmark(DTU)inFebruary2011.
Antimicrobial susceptibility testing. Antimicrobial susceptibility of
the 24 V. cholerae isolates was determined utilizing MIC testing. The fol-
lowing antimicrobials were used: ampicillin, amoxicillin plus clavulanic
acid, apramycin (veterinary approved aminoglycoside), cefotaxime, ceft-
iofur, chloramphenicol, ciproﬂoxacin, colistin, ﬂorfenicol, gentamicin,
nalidixic acid, neomycin, spectinomycin, streptomycin, sulfamethoxa-
zole, tetracycline, and trimethoprim. Clinical and Laboratory Standards
Instituteguidelinesandclinicalbreakpointswereutilizedfortheinterpre-
tation of the MIC values (18–20). Exceptions were made for interpreta-
tion of neomycin, where epidemiological cutoff values according to the
EUCAST system were used (http://www.eucast.org/mic_distributions/).
Duetotheabsenceofinterpretationguidelines,exceptionsweremadefor
theinterpretationofapramycinandstreptomycinwhichwereinterpreted
according to research results from DTU. Quality control using Esche-
richia coli ATCC 25922 was conducted according to Clinical and Labora-
tory Standards Institute (CLSI) recommendations.
PFGE. All of the V. cholerae isolates were analyzed for genetic related-
ness by pulsed-ﬁeld gel electrophoresis (PFGE) using the SﬁI and NotI
enzymes (Fermentas, Sankt Leon-Rot, Germany) according to the CDC
PulseNet protocol (http://www.pulsenetinternational.org/protocols
/Pages/default.aspx)(21).Electrophoresiswasperformedwithacontour-
clamped homogeneous electric ﬁeld (CHEF) DR III System (Bio-Rad
Laboratories,Hercules,CA)using1%SeaKemgoldagarosein0.5Tris-
borate-EDTA.Atwo-blockprogramwasusedconsistingofblockIwitha
pulsetimeof2.0to10.0sfor13handblockIIwithapulsetimeof20.0to
25.0 s for 6 h; the gels in both blocks were subjected to 6 V/cm on a
120°anglein14°CTBE(Tris-borate-EDTA)buffer.Abundleﬁlecontain-
ing 14 pulsotypes of which 11 originated from the Haitian outbreak, in-
cluding strain 201EL-1786, two from an early 1990s Latin American out-
break, and one from the U.S. Gulf Coast were sent to DTU by the United
States CDC for comparison with the 24 isolates related to the Nepalese
outbreak. The composite data set using both enzymes was evaluated by
using Bionumerics software version 4.6 (Applied Maths, Sint-Martens-
Latem,Belgium)wheretheaveragesimilarityoftheexperimentswasused
as settings for similarity, the enzymes were weighted equally, and
unweighted-pair group method using average linkages (UPGMA) was
used to generate a dendrogram.
Sequencing. The DNA samples were prepared for multiplexed,
paired-endsequencingontheIlluminaGAIIxgenomeanalyzer(Illumina,
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(dsDNA)in200lwasshearedina96-wellplatewithSonicMan(catalog
no.SCM1000-3;MatricalBioScience,Spokane,WA)toasizerangeof200
to 1,000 bp with the majority of material at ca. 600 bp using the following
parameters: prechill at 0°C for 75 s, 20 cycles, sonication for 10 s, 100%
power, lid chill at 0°C for 75 s, plate chill at 0°C for 10 s, and postchill at
0°C for 75 s. The sheared DNA was puriﬁed using the QIAquick PCR
puriﬁcationkit(catalogno.28106;Qiagen,Valencia,CA).Theenzymatic
processing (end repair, phosphorylation, A-tailing, and adaptor ligation)
of the DNA was done following the guidelines in the Illumina protocol
(22). The enzymes for processing were obtained from New England Bio-
labs (catalog no. E6000L; New England Biolabs, Ipswich, MA), and the
oligonucleotides and adaptors were obtained from Illumina (catalog no.
PE-400-1001). After ligation of the adaptors, the DNA was run on a 2%
agarose gel for 2 h, after which a gel slice containing 500- to 600-bp frag-
ments of each DNA sample was isolated and puriﬁed using the QIAquick
TABLE 2 Geographical, demographic, and clinical features of the laboratory-conﬁrmed V. cholerae O1 Ogawa cases from Nepal during 2010
Strain Case ID Location in Nepal
Collection date
(day-mo-yr) Gendera Age (yr)
1 31-OB NPHL Banke district, Nepalgunj municipality 30-7-2010 M
2 32-OB NPHL Banke district, Nepalgunj municipality 30-7-2010 M
10 44-OB NPHL Banke district, Nepalgunj municipality, ward 12 1/8/2010 F
4 36-OB NPHL Banke district, Nepalgunj municipality, ward 4 1/8/2010 M
6 38-OB NPHL Banke district, Nepalgunj municipality, ward 4 1/8/2010 F
9 41-OB NPHL Banke district, Nepalgunj municipality, ward 4 1/8/2010 F
3 35-OB NPHL Banke district, Nepalgunj municipality, ward 5 1/8/2010 M
5 37-OB NPHL Banke district, Nepalgunj municipality, ward 5 1/8/2010 F
8 40-OB NPHL Banke district, Nepalgunj municipality, ward 5 1/8/2010 M
14 49-OB NPHL Banke district, Nepalgunj municipality, ward 5 1/8/2010 M
7 39-OB NPHL Banke district, Nepalgunj municipality, ward 6 1/8/2010 F
13 47-OB NPHL Banke district, Nepalgunj municipality, ward 8 1/8/2010 F
12 46-OB NPHL Dang Deokhuri district, Narayanpur VDC, ward 7 1/8/2010 M
11 45-OB NPHL Kailali district, Dhangadhi 1/8/2010 F
16 59-OB NPHL Banke district, Nepalgunj municipality, ward 6 8/8/2010 F
15 56-OB NPHL Dang Deokhuri district, Narayanpur VDC, ward 5 8/8/2010 F
19 508 Kathmandu district, Kathmandu city 15-8-2010 F 48
21 LZH-11 Rupandehi district, Butawal municipality 30-8-2010 M 8
22 LZH-21 Rupandehi district, Butawal municipality 30-8-2010 F 17
26 LZH-23 Rupandehi district, Butawal municipality 30-8-2010 F 21
25 LZH-24 Rupandehi district, Butawal municipality 30-8-2010 M
17 65-OB NPHL Banke district, Nepalgunj municipality 31-8-2010 M
18 66-OB NPHL Banke district, Nepalgunj municipality 31-8-2010 M
20 526 Kathmandu district, Kathmandu city 1/11/2010 M 33
a M, male; F, female.
FIG 2 Locations of the ﬁve districts in Nepal where the V. cholerae O1 Ogawa strains were isolated.
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libraries were quantiﬁed with quantitative PCR (qPCR) on the ABI
7900HT (catalog no. 4329001; Life Technologies Corporation, Carlsbad,
CA) in triplicate at two dilutions, 1:1,000 and 1:2,000, using the Kapa
library quantiﬁcation kit (catalog no. KK4832 or KK4835; Kapa Biosys-
tems, Woburn, MA). Based on the individual library concentrations,
equimolar pools of no more than 12 indexed V. cholerae libraries were
prepared at a concentration of at least 1 nM using 10 mM Tris-HCl
(pH 8.0) plus 0.05% Tween 20 as the diluent. To ensure accurate loading
onto the ﬂow cell, the same quantiﬁcation method was used to quantify
the ﬁnal pools. The pooled, paired-end libraries were sequenced on the
Illumina GAIIx to a read length of at least 76 base pairs. The average
genome coverage for these 24 isolates was greater than 100 with a min-
imumof75.Over97.6ofthegenomeswereat10coverorbetter.The
Illumina genome sequencing data were deposited in the Short Read Ar-
chive at the National Center for Biotechnology Information (NCBI) un-
der the accession no. SRA039806.1. The three Haitian genome sequences
generated by the CDC were obtained from NCBI under the following
accession numbers: strain 1786, SRX031665 (Illumina) and SRX031636
(454); strain 1792, SRX032204 (Illumina) and SRX032203 (454); and
strain 1798, SRX032202 (Illumina) and SRX032201 (454).
Alignment.IlluminaWGSdatasetswerealignedagainstchromosomesI
andIIoftheVibriocholeraeO1biovarElTorstrainN16961(NC002505and
NC002506) using the short-read alignment component of the BWA align-
ment tool (23). 454 data for the publicly available Haitian genomes was
alignedwithBWA-SW(23).Whereappropriate,isolatesthatweresequenced
by both 454 and Illumina platforms were merged with Picard tools after the
alignments were completed (http://picard.sourceforge.net). Reads contain-
ing insertions or deletions and those mapping to multiple locations in the
reference were removed from the ﬁnal alignments.
Identiﬁcation of single-nucleotide polymorphism. Each alignment
was analyzed for SNPs using SolSNP (http://sourceforge.net/projects
/solsnp/). SNPs were excluded if they did not meet a minimum coverage
of 10 and if the variant was present in less than 90% of the base calls for
that position. In parallel, publicly available genomes were aligned against
both chromosomes of N16961 using MUMmer 3.22 (24). SNPs were ex-
tracted from the alignments using a custom script. Subsequently, regions
found to be duplicated in the N16961 reference genome were identiﬁed
using MUMmer version 3.22. SNPs residing within these repetitive re-
gions were then removed. Loci that lacked reference sequence coverage
data for one or more isolates were removed from the ﬁnal analysis. This
left us with a matrix of orthologous SNP loci shared across all genomes.
Phylogenetic analysis. Phylogenetic reconstruction was performed
using parsimony criteria and a heuristic search in PAUP 4.0 (25); 1,000
generations were run for bootstrap analysis. Reference genome mapping
and read depth statistics were determined using the Genome Analysis
Toolkit (26) and Lasergene’s SeqMan NGEN version 2.2 software (Laser-
gene, Madison, WI).
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